ABSTRACT Diverse microbial communities coordinate group behaviors through signal exchange, such as the exchange of acyl-homoserine lactones (AHLs) by Gram-negative bacteria. Cellular communication is prone to interference by neighboring microbes. One mechanism of interference is signal destruction through the production of an enzyme that cleaves the signaling molecule. Here we examine the ability of one such interference enzyme, AiiA, to modulate signal propagation in a spatially distributed system of bacteria. We have developed an experimental assay to measure signal transduction and implement a theoretical model of signaling dynamics to predict how the system responds to interference. We show that titration of an interfering strain into a signaling network tunes the spatial range of activation over the centimeter length scale, quantifying the robustness of the signaling network to signal destruction and demonstrating the ability to program systems-level responses of spatially heterogeneous cellular networks.
INTRODUCTION
Microbes use small-molecule signals to coordinate group behaviors. For example, many Gram-negative bacteria exchange acyl-homoserine lactones (AHLs) to regulate quorum sensing and related emergent behaviors such as biofilm formation, collective motility, bioluminescence, and virulence (1) (2) (3) (4) . Activation of quorum sensing involves the production of a signal by a synthase, for example, LuxI, used here, which was isolated from Aliivibrio fischeri. The signals exit the cell either by passive diffusion through the membrane or by active transport (5) , and they can be detected in neighboring cells by specific receptors, here the receptor LuxR. Binding of the signal to the receptor leads to global changes in gene expression. The signals enable bacteria to relay information about their physical, chemical, and biological environment (6) (7) (8) (9) (10) . Communities that coordinate behavior through such mechanisms often have a fitness advantage (11, 12) . Not surprisingly, other bacteria have evolved mechanisms to interfere with the signaling process.
Bacteria exhibit various signal interference mechanisms (13, 14) ; collectively, these mechanisms that interfere with bacterial cell communication have been termed quorum quenching (13, 15, 16) . The two main mechanisms of quorum quenching found in natural communities are signal crosstalk and signal destruction. Signal crosstalk between related signals can result in competitive binding to the receptors (13, 17, 18) , and some bacteria produce compounds whose only known function is receptor antagonism (13, 15, 16) . Signal destruction often involves the production of an enzyme that chemically modifies or cleaves signaling molecules. The influence of signal destruction on signaling propagation through space has not been systematically explored.
Here, we develop an experimental assay to quantify multispecies pattern formation. The assay enables direct measurement of the robustness of signal exchange to the introduction of a variable amount of a signal-degrading strain. Since the initial work by Basu et al. (19) , demonstrating the ability to program pattern formation through signal exchange, several studies have examined many aspects of bacterial pattern formation. Experimental works have examined scale-invariant patterns (20) , the impact of signal removal on long-distance signaling (21) , tuning the concentration dependence of the bacterial response to signal (22) , multispecies pattern formation that was programmable and robust to environmental perturbations (23) , the control of pattern formation coupled to motility (24) , and the ability of signal degradation to impact wildtype behaviors such as biofilm formation and swarming (25) . Theoretical advances have also deepened our understanding of the sensitivity of patterns to model parameters (26) . Here, we build upon these previous studies to determine what level of interference can be tolerated by a microbial network exchanging AHLs, and we predict and experimentally validate changes in the signaling patterns in the presence of interference.
Interference by signal-destroying enzymes is a potential route by which to control bacterial community function in industrial and biomedical applications. For instance, signal destruction can be used to limit cell-cell communication in microbes, which has been directly linked to pathogenicity (13, 15, 16) . The ability to precisely program and control emergent behaviors of microbial networks through molecular-level manipulation requires a thorough, quantitative understanding of signal exchange and interference in mixed communities. Although previous studies (13, 15, 16, 19) have identified many natural systems with signal interference, no quantitative measurements have been taken to understand the robustness of signal exchange in spatially heterogeneous systems in the presence of interference. Here, we developed an experimental assay to examine the influence of a signal-destroying enzyme, the lactonase AiiA, on the spatiotemporal dynamics of signal exchange in a multistrain synthetic signaling network. The assay measures the robustness of signaling to interference. We find that AHL signaling in the presence of an interference strain producing the enzyme AiiA results in a limited zone of activation. Using a theoretical model, we show that the size of this zone is tunable by adjusting the number of interfering cells and signal-producing cells. These results demonstrate that signal interference limits the spatial range of activation in the vicinity of a signal-producing colony and can be implemented to predictably program the response of multistrain bacterial communities.
MATERIALS AND METHODS

Bacterial strains and plasmid
The sender strain is Escherichia coli (NEB 5-alpha) with the plasmid ptD103IuxI sfGFP(Kn) (Fig. S1 ) from (27) . This strain produces the signal N-(3-oxohexanoyl)-HSL and the cognate receptor LuxR. The GFP reporter gene activates in response to quorum-sensing activation. The interfering strain consists of an E. coli host harboring the plasmid ptD103aiiA(Cm) (see Fig. S2 A and (27)).
The receiver strain is E. coli (NEB 5-alpha) with the plasmid pTD103LuxR RFP, shown in Fig. S3 . To construct the receiver strain, the plasmid pTD103luxI sfGFP(Kn) was mutagenized by inserting mCherry in the position of sfGFP, using a Gibson assembly kit (New England Biolabs). The receiver strain plasmid expresses mCherry fluorescent protein in response to quorum-sensing activation.
Culturing conditions
Bacterial strains were taken from frozen stocks and grown in a 14 mL Falcon tube with 5 mL of lysogeny broth (LB) with appropriate antibiotics for plasmid maintenance. Cultures were grown in a shaker at 220 rpm and 37 C. After 16 h of growth, the culture in the late log-phase was taken out and 1 mL of the inoculum was transferred into a micro-centrifuge tube. The tube was centrifuged at 15,000 rpm for 1 min and the supernatant was discarded. The cells were then resuspended by vortexing in LB without antibiotics. Late log-phase cultures were used such that quorum sensing of the sender strain was activated before measurement in the plate assay, in which LB agar with 2.5% agar was used. During time-lapse experiments, the cells were imaged at 37 C.
Interference assay
Ten microliters of the receiver strain was mixed with the interference strain in a micro-centrifuge tube. The mixture was loaded onto an LB agar plate by pipetting, and cells were distributed evenly using 4-mm-diameter sterilized glass beads. After 10 min, 1 mL of the sender strain was pipetted to the middle of the plate. The plate was imaged using a fluorescent microscope for time-lapse experiments.
Microscopy measurements
The images were taken using a Nikon eclipse TI fluorescent microscope. Time-lapse experiments were carried out at 37 C using a temperaturecontrolled chamber. Samples were imaged with green (GFP) and red fluorescent protein (RFP) illumination at a magnification of 20Â. RFP images were taken every 15 min for 16 h at 30 different distances from the sender colony, extending in two directions outward from the sender colony. Activation times were calculated at each position. Exposure time at each position was 1 s for RFP and 500 ms for GFP. No significant photobleaching was observed.
Each image taken was saved in .tiff format and analyzed using a custom MATLAB code. A low threshold was applied to the RFP images to identify the location of receiver cells within each image. An upper threshold was used to identify the receivers that had activated quorum sensing. For each time point and position, the fraction of cellular pixels above the quorumsensing-activation threshold was calculated. If the fraction of activated pixels exceeded 10%, that position was included as part of the activated region.
Growth measurements
To obtain the growth curves, the cells were grown in LB media with appropriate antibiotics, as mentioned above. After 16 h growth, we diluted 5 mL of the cells in 4995 mL of LB. Dilutions of the culture were plated on selective media to measure cell density over time.
To test the growth influences on the receivers and senders when in coculture with the interferers, we diluted 5 mL of the senders (or receivers) with 5 mL of the interferers in 4990 mL of pure LB broth, and the previous procedure was repeated by selecting for the senders and receivers using proper antibiotic plates.
Plate-reader measurements
A Tecan Infinite m200 Pro plate reader was used to measure growth rates and fluorescence in well-mixed conditions. Cells were grown in LB media, as mentioned above. Cells were then diluted 1000-fold in LB media containing antibiotics and cultured for an additional 3 h. After 3 h of growth, 200 mL of these early log-phase cells were loaded into a flat bottom 96-well plate. The plate was inserted into the plate reader set to 37 C and the optical density and fluorescent intensity were measured every 15 min for 15 h. Optical density measurements were carried out at a wavelength of 600 nm. For GFP measurements, a wavelength of 485 nm was used for excitation and a wavelength of 515 nm was used for emission. For mCherry fluorescence measurements, a wavelength of 590 nm was used for excitation and a wavelength of 650 nm was used for emission. In the Supporting Material we introduce a method for analyzing the fluorescence of a single species from a mixed culture.
RESULTS AND DISCUSSION
Quantifying signal exchange in spatially distributed microbial networks An assay was developed to examine the dynamics of signal exchange in multistrain bacterial communities. The assay is based on previous reports that used solid agar plates to measure the response to the diffusive exchange of signaling molecules (19) (20) (21) (22) . As shown in Fig. 1 a, our system consists of a 2.5% LB plate with a receiver strain evenly distributed on top of the plate. The receiver strain does not produce the signal (AHL); however, it produces the receptor LuxR and increases the expression of a fluorescent reporter gene, mCherry, in response to the AHL signal. A sender strain containing the synthase gene luxI produces the AHL signal and is pipetted onto the center of the plate. The sender strain makes the receptor LuxR, and as in the natural quorumsensing system, the synthase is positively regulated by AHL. The sender strain produces GFP. Control measurements reported in Fig. S4 show that the fluorescence intensity of the receiver strain increases upon coculture with the sender strain. E. coli strains contained plasmids based on constructs reported in (27) (see Figs. S1-S3). Similar sender/receiver systems have been developed and investigated in previous work (19, (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) .
Upon adding the sender strain to the center of the plate, the sender strain excretes AHL signal, which diffuses into the lawn of receiver strains to activate expression of a fluorescent reporter gene (mCherry). As shown in Fig. 1 b, the receiver cells closest to the sender cells are activated first, and over time, this region of activation expands outward. Fluorescent images, shown in Fig. 1 b, represent the stitching together of images from several microscope positions taken at 20Â magnification such that activation can be observed at the single-cell level over centimeter length scales. The dynamics of signal exchange in the system can be quantified by measuring the time at which receiver cells activate at a specific distance from the center of the sender cells. We set a threshold pixel intensity to indicate this transition from the basal to the activated rate of fluorescence expression (see Fig. S5 ). Quorum-sensing activation at a given position is defined as 10% of the pixels belonging to cells being above this threshold. In Fig. S6 , we show that the activation dynamics are not strongly dependent on the value of the activation threshold used in the analysis. Fig. 1 c shows the dynamics of activation at distances of up to 12 mm from the sender colony, the size of the plate used in the assay.
AiiA inhibits quorum sensing in a synthetic microbial community
To extend the signaling assay to the examination of interference between strains, we first validated the interference capabilities of a strain producing the enzyme AiiA, a lactonase originally isolated from Bacillus thuringiensis (13, 15, 16) . A plasmid containing aiiA, from (27) , was transferred to E. coli to create the interference strain and added to the sender-and-receiver community, as depicted in Fig. 2 a . Fig. 2 b shows the activation of quorum sensing for the sender strain alone and in coculture with the AiiA interference strain. Here, the fluorescence intensity of the sender strain was measured in a 96-well plate reader under wellmixed conditions. Coculture with the interference strain reduced the level of quorum-sensing activation, indicating that the AiiA producing strain interfered with AHL signal transduction. We did not observe significant growth influences that can be caused by the interfering strain on the senders or receivers (see Fig. S7 ). Next, we both experimentally and theoretically examine the influence of AiiAmediated interference in spatially distributed networks of cells. 
Signal destruction leads to finite and tunable zones of activation in spatial networks
The interference strain was added to the plate-based assay to quantify the influence of signal destruction on the signaling dynamics. The interference strain was added to the lawn of receiver cells, as depicted in Fig. 3 a. Different amounts of the interfering strains were titrated into the receiver cells to measure the robustness of signal propagation to a variable level of interference. Fig. 3 b shows the impact of different levels of interference on signaling dynamics. The no-interference data from Fig. 1 c is shown for reference. As the level of interference increased, we observed a slight delay in quorumsensing activation. Additionally, the system only activated up to a finite distance. For example, at a normalized level of interference of 0.9, receiver cells at a distance of 2.3 mm activated at~5.5 h. The experiment continued to run for a total time of 16 h, and activation beyond 2.3 mm was not observed (see Fig. S8 ). The radius of the activation zone was inversely proportional to the level of interference. As seen in Fig. S7 , there are no significant growth influences between the strains. To confirm that this effect was due to production of the AiiA enzyme, in control experiments, a wild-type strain that does not produce AiiA was substituted for the interference strain (Fig. S9) .
Modeling the impact of signal destruction on signal propagation
A model for signal exchange in the presence of interference was derived to further explore the ability of signal destruction to limit the zone of activation. Our model, based on previously reported models from (27) and (39) accounts for the growth of the sender strain, the receiver strain, and the interference strain. All three strains follow the logistic growth equation,
FIGURE 2 (a) To quantify the impact of interference on signal exchange, a third strain is added to the system that produces the enzyme AiiA, a lactonase that cleaves AHL signal. (b) Addition of the interference strain to the sender-and-receiver community reduces the fluorescence intensity per cell of the receiver strain. Here, the negative control shows that the addition of the wild-type yields a curve similar to the case of no interference. Error bars show the standard deviation of three replicate measurements. To see this figure in color, go online. where m is the growth rate constant, n is the cell density, n Total is the total cell density (senders þ receivers þ interferers), and s is the maximal cell density in the system. All three strains use the same E. coli host and were shown to have similar growth characteristics (see Fig. S7 ). Fig. S7 shows that there are no growth influences on the sender and the receivers when cocultured with the interferer. Several models have been used to describe quorumsensing signaling (27) (28) (29) (30) (39) (40) (41) , including signaling in the presence of signal destruction (27) . The dynamics of the AHL signal, [AHL] , by the sender strain can be described by the equation
where D AHL is the diffusion coefficient for the signal, n AHL is the cell density of the senders, r AHL is the maximal production rate of the AHL per cell, r b1 is the basal level of AHL production, q i represents the concentration of the signal at half maximum activity, m i represents the cooperative coefficients, g 1 is the basal rate of signal degradation in media (39, 42) , g 2 is the rate of signal degradation due to the AiiA, and ½AiiA is the concentration of AiiA signal. The Hill's function represents a threshold amount of signal needed to activate quorum sensing up to a maximum production rate. The change in the amount of AiiA is described by
where, r AiiA is the maximum production rate of the AiiA per cell, r b2 is the basal level of AiiA production, n AiiA is the cell density of the AiiA cells, and g 3 is the basal rate of AiiA degradation. The values of all the parameters are given in Table 1 . Given the timescale of our simulations, we assume that the degradation rate of the AiiA will be low and set it to the degradation rate of the AHLs. In the Supporting Material, we estimate the number of AiiA molecules per cell and conclude that the production rates used give a reasonable level of protein per cell.
In the simulations, we solve the equations using the finitedifference method. The interference strain is evenly distributed in the simulation grid at various loading densities. Activation occurs at a distance X when the concentration of AHL signal at that point reaches the threshold concentration. Growth-rate constants were experimentally obtained, as shown in Fig. S7 A. Additional parameters were reported in previous studies.
As shown in Fig. 4 a, simulations of the dynamics of activation in the plate-based assay qualitatively matched activation profiles from the experimental measurements at steady state. The transient behavior in Fig. 3 b was compared to the simulation results in Fig. S10 . Predicted steady-state activation diameters were closed to experimental measurements, although simulations reached the steady-state diameter 20-30 min earlier than in experiments. The delayed activation in experiment could be due to processes such as fluorescent protein folding and maturation and time delays in signal processing, which were not included in the model. As shown in Fig. 4 b, model predictions for the plate-based assay are in close agreement with experimental results (see Fig. S11 for simulation predictions of the well-mixed system). As the percentage of interference strain increased, the activation zone shrank from 10 mm down to 2 mm, demonstrating that the number of interfering cells within the system tunes the radius of activation. As in experiments, simulations were run for 16 h, much longer than the time needed to reach steady-state activation profiles. In these experiments, expression of aiiA is regulated by the AHL quorum-sensing signal, although simulations and experiments shown in Fig. S12 demonstrate that strains without AHL-dependent aiiA expression exhibit similar activation dynamics.
In simulations and experiments we varied the number of cells in the sender colony and observed that when the number of cells in the sender strain was increased or decreased by a factor of 5, the activation range curve shifted (Fig. 4 c) . Together, the ratio of sender to interference strains dictates the spatial extent of activation. To further explore the parameters that dictate the dynamics of the activation zone, in simulations, we varied multiple model parameters, including the diffusion coefficient and the degradation of AHL due to the media (Figs. S13 and S14). We observe that the major contributors to the activation zone are the diffusion of the AHLs and the degradation of the AHL by the interferer. The production rate of the AHLs by the senders weakly 3 2.5 (32) influences the activation radius, as shown in Fig. S14 A. In Fig. S15 , through simulations, we demonstrate that the potential growth interactions between the strains and internalization of the signal by non-receiver strains can produce a similar limitation in the activation zone. Although theoretically hypothesized, the changes to the activation zone by these parameters would need to be experimentally validated.
CONCLUSIONS
We have demonstrated that signal interference with a bacterial communication pathway through signal destruction creates a finite region of activation around a colony of signal emitting cells. Similar spatial activity patterns have been programmed using external chemical gradients or synthetic signaling circuits (19, 22, 24, 43) . Here a platebased experimental assay was implemented to quantify the influence of interference on signal transduction in a spatially heterogeneous system. The assay measurements were supported by a reaction-diffusion simulation of signal dynamics, demonstrating the utility of such models in predicting signal exchange in systems with complex geometries that could not easily be analyzed experimentally.
Both the theoretical and experimental results revealed the capability of tuning the system-level parameters of a multistrain bacterial community. By adjusting the amount of interference strain, the zone of activation was tunable from 2 to 10 mm. Theoretical predictions and experimental results shown in Fig. 4 c demonstrate that parameters such as the number of sender cells also modulated the radius of activation. Parameters including the diffusion coefficient of the signal, degradation and production rates of the signal, and cell growth rates were modulated in simulations, predicting that the area of activation was most sensitive to signal transport and degradation rates. Experimental validation of these predictions is needed. Similar theoretical models of signaling have explored the network parameters that regulate bacterial pattern formation (20, 26) . Such strategies for adjusting the dynamics of multispecies interactions might prove useful for programming the activity of synthetic communities.
Recent interest in engineering microbial communities to perform complex tasks (32, 37, 44) , such as in nanoscale synthesis and biomedical applications (19, (45) (46) (47) , call for new experimental techniques to control the network-level behavior of microbial communities (45, (48) (49) (50) . Although characterization of diverse communities often focuses on well-mixed systems, nonlinearities in the interactions can result in unexpected outcomes, particularly in spatially heterogeneous systems (33, 51, 52) . The plate-based assay developed here may prove useful to quantify the outputs of spatially distributed, multispecies networks (53) . Such approaches identify control parameters, such as the level of signal destruction shown here, that strongly determine global behaviors. These experiments, in conjunction with theoretical models, will enable us to understand and predict the parameters that determine community behavior in multispecies bacterial communities.
Our results suggest that in natural systems even low levels of interference will modulate the dynamics of signal propagation, and hence the functional outputs of the community. Many natural systems are spatially heterogeneous, and the consequences of specific spatial distributions could be predicted in simulations. It remains unclear to what extent interference constrains signaling to local areas. Recent studies have examined quorum sensing that occurs locally within small populations (54, 55) , but there are examples of long-distance coordination of cellular behaviors known to be coordinated by signal exchange (5, 56) . Given the number of quorum-quenching and signal-interference mechanisms present in natural communities (13, 16, 17) , future work should examine the contributions of different types of interference beyond signal destruction, such as receptor 
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